This paper is part of a comparative survey on the evolutionary morphology of the circulatory system in Malacostraca. Tethysbaena agentarii is a representative of Thermosbaenacea, a group which exhibits a relict distribution in cave or groundwater habitats. The study presents the first three dimensional data concerning the circulatory organs and their spatial relationships to other major organ systems. T. argentarii has a short dumbbell-shaped heart which lies in the posterior cephalothorax and the first free thoracic segment. It is equipped with one pair of incurrent ostia. The only vessel to emanate from the heart is the anterior aorta, which runs into the anterior cephalothorax and supplies the central nervous system and both pairs of antennae. Comparative and functional aspects of the circulatory system are discussed. The features of this highly reduced vascular system point to a closer phylogenetic relationship between Thermosbaenacea, and Spelaeogriphacea and Mictocarididae (Mictacea).
INTRODUCTION
Within Malacostraca a number of taxa, such as Bathynellacea, Stygiomysida (Mysida), Spelaeogriphacea, Mictocarididae (Mictacea), and Thermosbaenacea, exhibit a relict distribution in cave or ground water habitats. Representatives of Spelaeogriphacea and Mictocarididae (Mictacea) have already been studied in a comparative morphological survey on the circulatory system of Malacostraca (Wirkner and Richter, 2007) .
Thermosbaenaceans comprise a small group of about 34 species that live in caves, ground water, or thermae (Gruner, 1993; Wagner, 1994; Monod and Cals, 1999; Jaume, 2008) . They are interesting from a phylogenetic point of view because their position within Malacostraca is still a matter for discussion. They are seen by some as a sister group to Peracarida (Siewing, 1958; Pires, 1987; Richter and Scholtz, 2001) , while other authors suggest they are nested within the Peracarida (Fryer, 1965; Schram and Hof, 1998; Wills, 1998; Watling, 1999) , possibly forming a clade together with Spelaeogriphacea and Mictacea (Wagner, 1994; Poore, 2005) .
Here we present further anatomical data concerning the circulatory system and its close spatial relationship to other major organ systems in Tethysbaena argentarii (Stella, 1951) (Monodellidae) and discuss our findings in the light of conflicting hypotheses about the relationships of Thermosbaenacea.
MATERIALS AND METHODS
Specimens of Tethysbaena argentarii were caught in the cave ''Punta degli Stretti'' in Monte Argentario, Tuscany, Italy in October 2001.
Cut pieces of the animals were fixed in Bouin's fixative. Dissected parts of the animals were dehydrated in ethanol and, after an intermediate step of acetone, embedded in Araldite epoxy resin. Serial semi-thin sections (1 mm) were made with a Leica Ultracut UCT ultramicrotome using glass and diamond knives. The sections were stained with a mixture of 1% azure II and 1% methylene blue in an aqueous 1% borax solution for approximately 25 s at 80-908C.
Histological sections were digitized using a PixeLink PL A622C digital camera mounted on a Zeiss Axioscope microscope. The digitized sections were aligned with the software Autoaligner 2.0 by Bitplane using automatic and manual alignment functions. For all 3D reconstructions the software Imaris 4.0.5 by Bitplane was used. To visualize the whole data sets the volume rendering function was chosen. The contours of the studied organs were marked on every optical cross section with a polygon. The stacks of polygons were visualized by surface renderings. The single surface renderings were not subsequently smoothed, allowing both the original data and the artifacts from the sectioning and alignment processes to be displayed.
All figure plates were arranged using Corel Graphics Suite 11. Bitmap images were embedded into Corel Draw 11 files and digitally edited with Coral Photo Paint 11.
RESULTS
In Thermosbaenacea, the cephalothorax is formed by the fusion of the head with the first thoracic segment. The carapace overlaps the cephalothorax. Functionally, the carapace protects and confines a respiratory chamber. The trunk consists of the remaining free thoracic segments and the six segments of the pleon. To show the spatial relationships between the hemolymph vascular system (HVS) and other organ systems, our description will also include references to the digestive and the central nervous systems.
Trunk
The short heart is dumbbell shaped and lies in the posterior cephalothorax and the second thoracic segment (Figs. 1A, of heart and anterior aorta; E, Postero-lateral aspect of complete heart, anterior in upper right corner; F, Dorso-lateral aspect, upper half of heart cut to give view onto muscle bands of myocardium, anterior in upper left corner. a1, first antennal artery; a2, second antennal artery; ao, anterior aorta; ba, brain artery; he, heart; la, lateral artery; mgg, midgut glands; os, ostium; st, stomach chamber. Fig. 2 . Semi-thin sections of the HVS in Tethysbaena argentarii. Scale bars represent 100 lm. A, Horizontal section through cephalothorax and thorax, heart appears dumb bell shaped, anterior is up; B, Horizontal section through cephalothorax and thorax, dorsal midgut is surrounded by honeycomb shaped membrane compartments, anterior is up; C, Horizontal section through carapace to show hemolymph channels, anterior is up; D, Horizontal section through anterior cephalothorax, aorta attached to anterior wall of the stomach chamber, anterior is up. ao, anterior aorta; br, brain; cp, carapace; h, lumen of the heart; hc, hemolymp channel; mg, midgut; my, myocardium; os, ostium; ov, ovaries; py, pylorus; st, stomach chamber. 2A). In the anterior bulb (largest diameter ; 100 lm), the myocardium is made up of a number of muscle fibres that diverge star-like from a point in the ventral heart wall (Fig.  1F) . Two incurrent ostia are also laterally situated in the anterior bulb. The heart ends blindly in the second thoracic segment. No posterior aorta or lateral cardiac arteries were observed.
On the inner side of the carapace, the cuticle is thin. Sinuses run between the layers of the carapace leading into the pericardium (Fig. 2C) . The dorsal diaphragm is made up of honeycomb-like membranes ( Fig. 2A, B) which run through the thorax.
Cephalothorax
A voluminous anterior aorta (diameter ; 30 lm; Fig. 1A , C, D, F) leads off the heart. A valve, made up of two vertical flaps, is situated at the transition between the heart and the anterior aorta (Fig. 1F) . The anterior aorta runs to the anterodorsal-most point of the stomach where it attaches to the stomach wall and forms a dilation (Fig. 1D) . Two vessels depart laterally from this dilation and run a short distance along the lateral stomach wall (Fig. 1A , B, D; la). Ventrally to this dilation the aorta forms a pericerebral ring off which several arteries branch.
The anterior arch of the pericerebral ring runs through a channel in the brain and at its anteriormost point gives forth the arteries for the first antennae ( Fig. 1A; a1) . The posterior arch is attached to the anterior esophagus wall (Fig. 1D) . A pair of small vessels branch off it dorsally that supply the brain ( Fig. 2D; ba) . Further ventrally, the posterior arch gives forth further vessels that also supply the brain. At its ventral-most point, arteries for the second antennae branch off ( Fig. 1C; a2) . A pair of esophageal dilator muscles runs through the ventral part of the pericerebral ring thus forming a myoarterial formation.
DISCUSSION Comparative Aspects
Thermosbaenacea comprise a small group of about 34 species that live in caves, ground water, or thermae (Gruner, 1993; Wagner, 1994; Monod and Cals, 1999; Jaume, 2008) . In the only phylogenetic study to include all species (Wagner, 1994) , four major taxa are recognized: Thermosbaenidae, Monodellidae, Tulumellidae, and Halosbaenidae. Only two species have been studied up to now in terms of the HSV: Tethysbaena argentarii [a synonym of Tamarelli's (1954) Monodella argentarii] belonging to the Monodellidae (cf. Wagner, 1994) was studied herein and superficially by Taramelli (1954) . The second species, Thermosbaena mirabilis (Thermosbaenidae, cf. Wagner, 1994) was examined in a broad anatomical study by Siewing (1958) . Taramelli (1954) described the heart of T. argentarii as two chambered, lacking cardiac arteries but ending in a posterior aorta. As can be seen in our 3D reconstructions (Fig. 1E, F) , the heart in T. argentarii is dumbbell shaped, but the two bulbs are not separated by the valvular structures that would indicate a chambered heart. A posterior aorta was not seen in any of the sections of T. argentarii (one cross section series, four horizontal section series), and nor did the 3D reconstructions carried out provide any evidence of its presence. Siewing (1958) described an almost globular heart in T. mirabilis that he claimed was extended posteriorly by a posterior aorta. He was only able to trace this alleged posterior aorta a short distance into the first free thoracic segment (Siewing, 1958: p. 201) . Two of his line drawings (fig. 6, p. 204; fig. 7 , p. 205) represent cross sections of the posterior part of the heart. Siewing's fig. 7 , in particular, which is labeled as the cross section of the posterior aorta, looks like a cross section through the heart with a myocardium, as we found in three section series of T. argentarii. It is possible, therefore, that Siewing took the posterior bulb of the heart for a posterior aorta.
The two species seem to be similar with regard to the HVS in the anterior cephalothorax.
Functional Aspects
The themosbaenacean species studied to date show a reduced HVS with a short heart and an arterial supply to the anterior cephalothorax. This kind of reduction of the vascular system is often observed in small arthropods and can therefore be explained to some extent by the short diffusion distances within the body. Nevertheless, a confined hemolymph supply to the anterior cephalothorax is still necessary, especially to the central nervous system, where we find a complex arrangement of arteries. The supply of the carapace via a network of hemolymph spaces is similar to that observed in other malacostracans (Grindley and Hessler, 1971; Dahl, 1991) . To be able to ascertain with certainty whether such a well irrigated carapace functions as a respiratory or osmoregulatory structure, further ultrastructural and/or physiological investigations need to be undertaken.
Phylogenetic Aspects
The phylogenetic position of Thermosbaenacea is one of the most intriguing problems in malacostracan phylogeny. Although there is now general agreement that they are closely related to Peracarida (see Fryer, 1965 for previous alternative suggestions), the exact type of relationship is still uncertain. One hypothesis excludes Thermosbaenacea from Peracarida, which are traditionally defined by the presence of oöstegites (Calman, 1909) , but suggests a sister group relationship between the two taxa (Siewing, 1958 who erected the 'division' Pancarida; Sieg, 1984; Pires, 1987; Richter and Scholtz, 2001) . The most striking potential synapomorphy between the two taxa is the presence of a lacinia mobilis on the mandibles (Richter et al., 2002) . The other hypothesis sees Thermosbaenacea nested within Peracarida, leaving mysidaceans more distantly related to the remaining peracarids than thermosbaneaceans (Fryer, 1965; Watling, 1983 Watling, , 1999 . This was also the result of the most detailed account on Thermosbaenacea produced so far (Wagner, 1994) and of the recent cladistic analysis of Peracarida by Poore (2005) . Both authors (Wagner in his favored majority rule consensus tree, Poore at least in one of his trees) found a clade comprising Thermosbaenacea, Spelaeogriphacea, and Mictacea. Moreover, the only available molecular studies with a reasonable taxon sample have found the thermosbaenaceans to be nested within Peracarida (and exclude Mysida) (Spears et al., 2005; Meland and Willassen, 2007) .
Some features of the HVS in Thermosbaenacea indeed resemble that in Spelaeogriphacea and Mictocarididae (Mictacea) and therefore corroborate a closer relationship between these three taxa. Similarities include: 1) the short heart and its position in the anterior thorax and cephalothorax, 2) the lack of a posterior aorta and cardiac arteries, and 3) the presence of an anterior aorta system that supplies the anterior cephalothorax (the latter being plesiomorphic; see also Wirkner and Richter, 2007) . If the thermosbaenaceans were the sister group to peracarids, the reduction of the heart length, posterior aorta, and cardiac arterial system would have to be interpreted as convergent. Characters used by Wagner (1994) to support a sister group relationship (because no characters were explicitly mentioned, we recalculated the matrix) are not particularly convincing: the ''absence of eyes'' might be a potential apomorphy but is prone to convergence. Characters such as ''testes lying under the carapace'' and ''presence of three endites on the maxilla'' are difficult to assess and therefore require further investigation.
On the other hand, Thermosbaenacea possess some characters that suggest a position outside the Peracarida, or that are only shared with mysidaceans. The most obvious is the absence of oöstegites and the different mode of brood care. A further character is the presence of a ring of 19 ectoteloblasts during development, something that is present in other malacostracans but not in peracarids, which posses a row of a variable number of ectoteloblasts. In addition, thermosbaneacean embryos display advanced development of the three anterior appendages (egg nauplius) (Zilch, 1974) , whereas the only peracaridans to do so are mysidaceans (in which the two pairs of antennae develop in advance). In all other peracaridans, appendage development is more or less simultaneous. Thermosbaenacean mouthparts are also characterized by two features that are present in mysidaceans but absent in all other peracarids: a maxilla palp and a maxilliped exopod. Although the position of Thermosbaenacea within Peracarida, possibly closely related to Spelaeogriphacea and Mictacea (at least Mictocaridae), seems to be more parsimonious, serious doubts still remain. In summary, the position of thermosbaenaceans continues to be enigmatic.
